The electronic valence state of Mn in Pb(Zr0.2Ti0.8)O3/La0.8Sr0.2MnO3 multiferroic heterostructures is probed by near edge x-ray absorption spectroscopy as a function of the ferroelectric polarization. We observe a temperature independent shift in the absorption edge of Mn associated with a change in valency induced by charge carrier modulation in the La0.8Sr0.2MnO3, demonstrating the electronic origin of the magnetoelectric effect. Spectroscopic, magnetic, and electric characterization shows that the large magnetoelectric response originates from a modified interfacial spin configuration, opening a new pathway to the electronic control of spin in complex oxide materials.
The electronic valence state of Mn in Pb(Zr0.2Ti0.8)O3/La0.8Sr0.2MnO3 multiferroic heterostructures is probed by near edge x-ray absorption spectroscopy as a function of the ferroelectric polarization. We observe a temperature independent shift in the absorption edge of Mn associated with a change in valency induced by charge carrier modulation in the La0.8Sr0.2MnO3, demonstrating the electronic origin of the magnetoelectric effect. Spectroscopic, magnetic, and electric characterization shows that the large magnetoelectric response originates from a modified interfacial spin configuration, opening a new pathway to the electronic control of spin in complex oxide materials. Understanding how to couple the electric and magnetic order parameters in the solid state is a long-standing scientific challenge that is intimately linked to the spatial and temporal symmetries associated with charge and spin. Coupling of the order parameters is observed in many different materials, but the effect is generally weak in magnitude, even in materials that are both ferroelectric and ferromagnetic (multiferroic) [1] [2] [3] . Increasing the magnitude of the coupling is a fundamental problem in condensed matter physics with important implications for applications. For example, strong magnetoelectric coupling allows for the ultra-sensitive measurement of weak magnetic fields, and at smaller length scales, enables spin-based technologies by allowing the control of the spin state at the atomic scale via electric fields.
In single phase multiferroics, the magnetic and ferroelectric orders often occur largely independent of each other, and as a result the magnetoelectric coupling tends to be small [2, 4] . In order to overcome this intrinsic limitation in the coupling between the order parameters, artificially structured materials with enhanced magnetoelectric couplings have been engineered, where a break in time reversal and spatial symmetry occurs naturally at the interface between the different phases [3, 5, 6] . Moreover, the coupling mechanism can be tailored to benefit from several phenomena, including elastic [7, 8] , magnetic exchange bias [9] [10] [11] , and charge-based [12] couplings. In charge-based multiferroic composites, the sensitivity of the electronic and spin state of strongly correlated oxides to charge provides enhanced coupling between magnetic and ferroelectric order parameters [12] ; it often relies on charge doping of a "colossal" magnetoresistive (CMR) manganite to modulate between high and low spin states, which compete for the ground state of the system. However, the microscopic origin of this effect is still not fully understood. In particular, the nature of the effect and how the interplay between charge, spin, and valency combines to yield the large magnetoelectric response in this system remain to be addressed. In this Letter, we explore the sensitivity of x-ray absorption near edge spectroscopy (XANES) to the atomic electronic state to demonstrate the microscopic origin of the magnetoelectric effect found in Pb(Zr 0.2 Ti 0.8 )O 3 /La 0.8 Sr 0.2 MnO 3 (PZT/LSMO) heterostructures. XANES is particularly sensitive to changes in the atomic valence state, and therefore especially suited to probing the atomic structure modifications in LSMO induced by change in the charge carrier concentration; another key advantage is the ability to probe buried layers. Direct quantification of the charge-driven magnetic changes based on the spectroscopic, electric and magnetic measurements show that both the spin state and spin configuration of LSMO are modulated, whereby the interfacial spin coupling changes from ferromagnetic to antiferromagnetic, giving rise to the large magnitude of the magnetoelectric effect found in this system. A similar interfacial magnetic reconstruction effect is also predicted from first principles calculations in similar type of heterostructures [13] .
The samples in this study consist of 250 nm Pb(Zr 0.2 Ti 0.8 )O 3 / t La 0.8 Sr 0.2 MnO 3 /SrTiO 3 (001) epitaxial heterostructures with t = 11, 12 unit cells (u.c.), grown on TiO 2 -terminated SrTiO 3 substrates. LSMO is a CMR oxide material characterized by a rich electronic phase diagram, with properties that depend strongly on doping; at the doping level chosen (x = 0.2), the bulk LSMO system lies near the boundary between insulating and metallic ferromagnetic ground states [14, 15] . Two films were grown simultaneously for each thickness, one on an unpatterned SrTiO 3 substrate and another on a TiO x -masked substrate, exposing two identical Hall-bar device structures defined by optical lithography. The active area is 160 × 320 µm thickness monitor (2% error), while film thickness is monitored in real time using reflection high energy electron diffraction (RHEED) intensity oscillations. The observation of the latter indicates that film growth occurs in a layer-by-layer mode; atomic force microscopy of LSMO films shows the presence of unit cell high steps separating large, flat terraces [see Fig. 1(b) , inset]. After the LSMO deposition, the samples are cooled to room temperature in 1 × 10 −7 mbar of O 2 and then transferred to an offaxis RF sputtering system for PZT deposition using the conditions described in Ref. 16 . The LSMO films studied here have the minimum thickness for which a peak in resistivity is observed [17] ; we focus here on the results obtained for 12 u.c. structures, which are representative of all measurements. The direction of the PZT polarization is used to modulate electrostatically the hole carrier density in the LSMO (hole charge depletion occurs when the PZT polarization points down into the LSMO film, and hole accumulation in the opposite case).
The XANES measurements were carried out at Beamline 33-ID of the Advanced Photon Source, Argonne National Laboratory (Illinois). A monochromatic x-ray beam 300 × 120 µm 2 in size (defined using slits) was set perpendicular to the sample and aligned onto the gate electrode of the device within 10 µm using the measured x-ray induced photocurrent. The sample was mounted in an evacuated variable temperature Displex cryostat equipped with a Be dome. In this experiment, we probe the absorption K edge of Mn, corresponding to the allowed electric dipole transition from the 1s core level to unoccupied 4p states [18] [19] [20] . The light absorption, normalized to the incident photon flux, was measured in the fluorescence mode using the Mn K α line at 5899 eV using a Si drift x-ray detector spectrometer. Several scans were performed on multiple device structures, including scan cycles where the PZT was switched consecutively at each energy value (gate voltage set to ±5 V). Scans were also carried out where the x-ray absorption was measured at a fixed energy as a function of the gate voltage. A reference x-ray absorption spectrum of metallic Mn was taken for energy calibration.
The results of the electrical, transport and magnetic property measurements of the PZT/LSMO structure are shown in Fig. 1 . The electrical switching properties of the PZT gate dielectric at room temperature, Fig. 1(a) , show abrupt switching of the ferroelectric polarization. From integration of the displacement current, we obtain a saturation polarization of P s = 85 µC/cm 2 . Transport characteristics are shown in Fig. 1(b) for both states of the PZT polarization at a magnetic field of 0 and 50 kOe, applied out of plane. The peak in resistivity marks the transition between metallic and insulating states, and is found to change by ∼40 K, from 188 K in the depletion state to 226 K in the accumulation state. The presence of a magnetic field leads to an increase in the resistivity peak temperature, which is responsible for the CMR effect in the doped manganites [14, 21] . The magnetic behavior was probed with magnetooptic Kerr effect magnetometry in the longitudinal geometry using an spolarized HeNe laser beam (λ = 633 nm) and a photoelastic modulator as part of an ellipsometer unit. Magnetization versus temperature measurements (carried out as described in Ref. 12) show a change in critical temperature of 20 K, from 180 K in the depletion state to 200 K in the accumulation state, showing that the peak in resistivity, although correlated to the onset of magnetic order, does not coincide exactly with the magnetic critical temperature [22] . These results show that both the transport and magnetic properties can be modulated electrostatically via the ferroelectric field effect. For magnetic hysteresis loops measurements, the magnetic field was varied linearly at a rate of 1 Hz, and a gate voltage of ±10 V was used to switch the PZT polarization. The results are plotted in Fig. 1(c) for the two polarization states of PZT (100 K). The data show that the accumulation state has a smaller saturation magnetization than the depletion state, in agreement with previous results [12] . To obtain a quantitative estimate of the change in magnetization, we carried out SQUID magnetometry on the unpatterned PZT/LSMO sample, giving a saturation magnetization of 515 emu/cm 3 , or m dep = 3.30 µ B /Mn, close to the bulk value. Piezoelectric force microscopy of the unpatterned film shows that the electric polarization state of the PZT after growth points down; hence this value of the magnetic moment corresponds to the LSMO in the depletion state. From the ratio m dep /m acc = 1.30(3) obtained from MOKE data, we estimate the magnetic moment for the accumulation state as m acc = 2.54(6) µ B /Mn, giving a change in magnetic moment of ∆m = m dep − m acc = 0.76(6) µ B /Mn. From these data, we obtain a magnetoelectric coupling coefficient of ∆M/∆E = 6.2 × 10 −3 Oe cm V −1 at 100 K.
The key experimental results of this work are the XANES data plotted in Fig. 2 , showing the room temperature x-ray absorption response for the two states of the PZT polarization. The main finding is the observation of an energy shift in the Mn absorption edge by +0.3 eV upon switching the PZT polarization from the depletion to the accumulation state. The position of the absorption edge is very sensitive to the cationic valency in a wide array of compounds [23] . In the case of the manganites, the energy edge position is found to vary with the doping level x by about 3. [25, 26] , along with other more subtle changes in peak amplitude and edge shape. The edge energy position increases from the metallic state (Mn 0 ) to higher formal valence states, and the observation of an energy shift between the depletion and accumulation states shows directly a change in the average Mn valency induced by the electrostatic hole-carrier modulation. This change in the valency of the Mn is responsible for the changes in the magnetic state of LSMO [ Fig. 1(c) ] and lies at the origin of the large magnetoelectric effect [12] . Importantly, in these measurements, no change in the crystal lattice occurs. Measurements at low temperature (20 K) display a similar change in the Mn valency, showing that the charge carrier modulation is robust and occurs independent of temperature [ Fig. 2(b) ]. The difference spectrum between depletion and accumulation states is shown in Fig. 2(b) , which is reproduced well at the absorption edge by a single parameter model corresponding to a rigid shift in energy of 0.3 eV between the averaged absorption spectra. A more direct visualization of the valence modulation can be seen in Fig. 2(c) , which shows the x-ray absorption as a function of the applied gate voltage at fixed photon energy, showing that the x-ray absorption can be modulated between a high and a low value as the PZT polarization is switched. This result mimics the P-E hysteresis curve [ Fig. 1(b) ] and demonstrates that the change in Mn valency tracks the switching of the PZT polarization.
We may estimate the change in the Mn valency from XANES spectra for the chemically doped LSMO compounds [25, 26] . From the results by Shibata et al. [25] showing a linear variation in the energy shift with the formal average valency of Mn, ∆E = 3.0 x, we estimate an averaged change in Mn valency of ∆x = 0.1/Mn between the accumulation and depletion states. The relative change in the surface charge polarization of PZT, of 2P s = 1.6 e/u.c.
2 , corresponds to a change in charge of ∆n = 0.13/Mn. The agreement is striking and shows that most surface charge is screened by charge carriers from the LSMO. This change in valency is expected to take place mostly at the PZT/LSMO interface, within the screening length of LSMO of about 1 u.c. [17] .
One can now correlate the observed changes in the magnetization with the valence modulation. Since going from the high spin state Mn 3+ (S = 2) to the low spin state Mn 4+ (S = 3/2) changes the magnetic moment by 1 µ B , the measured change in Mn valency gives a change in moment of 0.1 µ B /Mn between the depletion and accumulation states. Such a change is much smaller than the measured change in magnetic moment of ∆m = 0.76(6) µ B /Mn. Hence, the change in magnetic moment, equivalent to about two u.c., must be explained by a mechanism other than the change in the spin state of Mn induced by the valency modulation. Instead, the change in moment must originate from a modification in the spin exchange coupling at the interface, for example, from ferromagnetic in the depletion state to antiferromagnetic in the accumulation state, whereby the spins couple ferromagnetically within this interfacial layer and antiferromagnetically with the spins of the (001) adjacent layers. Such spin arrangement has been recently calculated to be favored for the accumulation state of La 0.5 Ba 0.5 MnO 3 /BaTiO 3 multiferroic heterostructures [13] . Our results provide an experimental signature of the magnetic interface reconstruction occurring at the PZT/LMSO interface. A model depicting the magnetic reordering is shown in Fig. 3 . In this picture, the interface layer in the accumulation state consists of strongly depopulated antibonding e g 3z 2 − r 2 states, weakening the double-exchange interaction at these orbitals; an antiferromagnetic coupling to the adjacent layers would then ensue if the x 2 − y 2 orbitals are energetically favored (favoring the superexchange interaction). This result is predicted by first principles calculations for LSMO under tensile strain, where a ferromagnetic coupling is favored at low doping levels and antiferromagnetic alignments are favored at higher doping [27] . This change in spin configuration results in a change in the average moment of (4 + 3 + 0.2)/12 = 0.6 µ B /Mn between depletion and accumulation states (see Fig. 3 ), which is close to the observed value. This result also agrees with the trend observed in the bulk phase diagram, where an antiferromagnetic coupling of alternating (001) planes is favored for hole doping between 0.5 and 0.65 at low temperatures [14, 15] . This mechanism gives rise to a much more dramatic change in the average magnetic moment and explains the very large magnetoelectric coupling [12, 13] .
In summary, we have demonstrated via x-ray absorption spectroscopy the electronic origin of the magnetoelectric coupling in PZT/LSMO multiferroic heterostructures, which arises from a change in the valence state of Mn induced by electrostatic charge modulation. The XANES data provide a direct and quantitative measure of the changes in the number of electrons populating the Mn 3d e g bands, which are responsible for the magnetic behavior of the LSMO. We conclude that the large magnetoelectric coupling effect found in these artificial heterostrutures results from an interfacial magnetic reconstruction driven by charge accumulation. These findings show a new pathway to the electronic control of spin in complex oxide materials.
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